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Abstract We present the setup and test of a trans- 
portable clock laser at 698 nm for a strontium lattice 
clock. A master-slave diode laser system is stabilized to 
a rigidly mounted optical reference cavity. The setup was 
transported by truck over 400 km from Braunschweig to 
Diisseldorf, where the cavity-stabilized laser was com- 
pared to a stationary clock laser for the interrogation 
of ytterbium (578 nm). Only minor realignments were 
necessary after the transport. The lasers were compared 
using a Ti:Sapphire frequency comb as a transfer os- 
cillator. The generated virtual beat showed a combined 
lincwidth below 1 Hz (at 1156 nm). The transport back 
to Braunschweig did not degrade the laser performance, 
as was shown by interrogating the strontium clock tran- 
sition. 



Optical clocks based on trapped cold atoms are now out- 
performing the best microwave clocks, thus enabling new 
studies and applications. Operated in space and on the 
ground at different locations, they could enable relativis- 
tic geodesy and improved fundamental physics tests [1, 
2}. Reliable and rugged optical clocks with high stabil- 
ity and accuracy are therefore an important need. So 
far, high-performance cold atom optical clocks are still 
bulky laboratory setups that cannot easily be trans- 
ported. Therefore developments towards transportable 
optical clocks are required and have been initiated [3,4, 
5] . One of the most critical parts concerning transporta- 
bility is the optical reference cavity that is used as a 
flywheel to ensure a high short-term frequency stability 
of the interrogation laser between the atom interroga- 
tion cycles. To achieve an optical lincwidth of the clock 
laser in the range of one Hertz, the cavity has to be iso- 
lated from all external disturbances. Usually, the cavity 
is mounted very loosely in a vibration insensitive con- 
figuration [6,7,8] to avoid excessive forces that would 
lead to deformations of the cavity and fluctuations of 
the optical path length and therefore its resonance fre- 
quency. However, this prevents the cavity from being 
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Fig. 1 Sketch of the semi-rigid mounting of the trans- 
portable reference resonator. 



easily transported, because the resonator will move and 
might be damaged during transportation. 

In this letter, we describe a prototype clock laser for 
a transportable neutral atom lattice clock. As a first re- 
alistic test for future transportable clock setups it was 
transported from Braunschweig to Diisseldorf. 

The design of the laser system is constrained by re- 
quirements for its transportability in a car or truck and 
its spectral purity, for which typically a lincwidth of 1 Hz 
and a fractional stability of 10~ 15 on timescales of a few 
seconds is needed. 

The transportable clock laser setup consists of three 
separate parts: the laser breadboard (60 cm x 90 cm), 
a rolling table with the reference cavity inside a box for 
acoustic noise isolation (outer dimensions including the 
table 150 cm x 88 cm x 195 cm) and an electronics rack 
(60 cm x 60 cm x 180 cm). No effort was made to com- 
pactify the electronics. The laser breadboard includes a 
master-slave setup with a master laser in Littman con- 
figuration. The laser is locked to the reference cavity 
with the Pound-Drever-Hall technique using the laser 
current for fast frequency control [9]. Standard optical 
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components were used to offer all the functionality that 
is needed for clock laser operation such as shifting the 
laser frequency with acousto-optic modulators (AOM). 
In particular the path length stabilization [10,11] for 
two fibers was also set up using AOMs on the bread- 
board. The light from the laser was sent to the cavity 
via a 2 m long fiber which was not actively stabilized. 
The volume of the system without the electronics rack 
was less than 3.0 m 3 . For transportation the laser bread- 
board was packaged in a wooden box, the optical fibers 
and most of the electrical connections were removed. No 
special care was taken to isolate the laser system or the 
cavity against vibrations while transporting it. 

The cavity is mounted in a passive, gold plated cop- 
per heat shield inside a vacuum chamber, evacuated by 
a small 2 1/s ion getter pump. The vacuum system is in- 
stalled on a passive vibration isolation platform, which 
was locked during the transport. The temperature of an 
aluminum tube enclosing the vacuum system was stabi- 
lized to 24 °C using a heating foil as control clement. For 
simplicity and to avoid possible condensation no cooling 
was employed. This temperature does not agree to the 
zero expansion temperature of the all-ULE (ultra-low ex- 
pansion glass) cavity. From measurements done at simi- 
lar spacers made of the same ULE batch we expect this 
temperature to be at about 11 °C. With a slope of the 
thermal expansion coefficient of 2 x 10~ 9 K -2 we expect 
at 24 °C a sensitivity of the resonator frequency to tem- 
perature fluctuations of approximately —10 kHz/mK. 
During the transport, an uninterruptible power supply 
unit was used to keep the the vacuum pump and the 
temperature stabilization of the cavity running. 

The cylindrical cavity spacer has a diameter of 50 mm 
and is 100 mm long. One plane and one concave (1 m ra- 
dius of curvature) ULE mirror (diameter 25.4 mm, thick- 
ness 6.3 mm) were optically contacted to the spacer. 
The finesse of the cavity is 330 000. To ensure trans- 
portability the mounting of the reference resonator was 
designed to be much more rigid than for other ultra- 
narrow linewidth lasers [8,7]. Small Viton cylinders are 
tightly pressed into four holed Invar plates glued onto the 
cavity spacer (Fig. 1, details given in [9]). The cylinders 
(and thus the cavity) are held in mounting rings that fix 
the resonator position in all three directions. Side-way 
movement is inhibited because the Viton pieces tightly 
fit into holes of the mounting rings and touch the in- 
ner side of the heat shield. The suspension positions of 
the mounting points were optimized by finite element 
(FEM) calculations. The top of the cylinders is located 
at the horizontal symmetry plane and 17.5 mm from 
the end faces of the spacer. In previous measurements 
[9] large frequency changes of the resonator mode were 
observed under accelerations. It was assumed that unin- 
tended mechanical contact of the spacer to the housing 
was the source of this effect. 

In a refined layout the mounting rings were connected 
by steel rods and great care was employed to prevent the 



cavity from touching the lids of the surrounding heat 
shield. Also the length of the Viton cylinders was in- 
creased to allow for a tight reliable fit of the cavity. 
However only a marginally lower sensitivity to vertical 
vibrations of AL/L re 2.7 x 10 _9 /g was achieved. We 
now attribute this effect to squeezing forces introduced 
by the cavity mounting. These forces arise because the 
Viton pieces are squeezed between the heat shield and 
the cavity spacer. For a force of 1 N on each cylinder we 
calculated a change of the cavity length AL /L re 1 x 10 -8 
if the force acts in axial direction or AL/L re 3 x 10~ 9 if 
the force is radially squeezing the spacer. Under acceler- 
ation a reaction force of 4 N/g has to be supplied by the 
Viton cylinders. A 30% coupling of this force into ax- 
ial direction could explain the observed sensitivity. Also 
deformations of the heat shield under acceleration can 
change the squeezing forces and contribute to the vibra- 
tion sensitivity. 

Meticulous elimination of vibration incoupling on the 
vibration isolation platform led to acceptable laser per- 
formance. We also used the virtual beat with an ultra- 
stable laser at 657 nm [7] to optimize our laser setup. A 
width of the beat signal of about 1 Hz was achieved. Cal- 
culating the Allan deviation from the counted beat note 
we observed a flicker floor at about 2 x 10 -15 fractional 
stability. 

The clock laser for the Diisseldorf ytterbium lattice 
clock is based on a 1156 nm diode laser [12] with an 
external Littrow configuration cavity and containing a 
home-made intracavity electro-optic phase modulator for 
fast frequency corrections. The free-running linewidth is 
less than 100 kHz. The output radiation (approx. 20 mW) 
is focused into a 20 mm PPLN waveguide for frequency 
doubling. A maximum output of 0.5 mW at 578 nm was 
produced. This wave is stabilized to an all-ULE cavity 
with a standard Pound-Drever-Hall scheme. The finesse 
of the cavity exceeds 300 000. It is of the cut-out type 
[8], with 100 mm length, 50 mm diameter, a 30 mm deep 
cut-out starting 4 mm below the mid-plane. 

The 578 nm reference cavity is housed in a massive 
gold-plated copper box and both are contained in a com- 
pact (11 cm x 11 cm x 18 cm) aluminum vacuum cham- 
ber (see Fig. 2). The two entrance windows are glued to 
the vacuum chamber using Torr Seal epoxy. The cham- 
ber is machined out of a single aluminum block; the cover 
is attached to the chamber using M4 screws and indium 
foil for sealing. A vacuum of about 5 xl0~ 8 mbar is 
maintained using a 2 1/s ion getter vacuum pump, at- 
tached to the cover plate. The vacuum chamber and the 
vacuum pump are covered with a thermal and acoustic 
insulation box. 

Both the vacuum chamber and the copper housing 
arc independently actively temperature stabilized by Peltier 
elements and two AD590 temperature sensors. With this 
two-stage temperature stabilization system, which in- 
cludes a temperature stabilized electronic controller, we 
reach a temperature instability of 0.15 mK at 100 s and 
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Fig. 2 Left: photograph of the reference cavity inside the 
compact vacuum chamber with removed cover and insu- 
lation. Right: schematic of the vacuum chamber, showing 
the elements of the two-stage temperature stabilization sys- 
tem, with AD592 temperature sensors (insulation box is not 
shown) 

0.07 mK at 10 000 s integration time, as measured by 
the in-loop sensor on the copper box. 

The temperature of the cavity is kept close to the 
ULE's thermal expansion coefficient zero crossing at ap- 
prox. 20 °C. The described construction demonstrated a 
remarkable performance as measured with the frequency 
comb in comparison to a GPS disciplined hydrogen maser. 
No influence of the residual temperature instability on 
the resonator frequency could be detected within the 
stability of the maser (approx 10~ 12 ). Over a period of 
35 days, the average drift of the cavity frequency was 
56 mHz/s. 

All the optics hardware fits on a 90 cm x 90 cm 
breadboard that is supported by an active vibration iso- 
lation system, providing isolation along the three spatial 
directions. Except for lock electronics, the system is en- 
closed by a wooden box for acoustic protection. This 
clock laser had previously been characterized by com- 
parison with a second, independent ULE cavity. A beat 
with an instability of less than 2.5 x 10~ 15 for 1 s - 10 s 
was obtained (after subtraction of the differential cavity 
drift of approx. 0.1 Hz/s). 

The 5 hour transport of the 698 nm laser system 
was performed using a small transport truck. The Sr 
laser was locked to its ULE cavity in Diisseldorf within 
one day after start of loading in Braunschweig. Some re- 
alignment of the optical path had to be done after the 
transport because two mirror holders were not fixed well 
enough, but there was no indication that the cavity had 
moved inside its mounting. For the characterization of 
the Sr clock laser the two lasers were operated in the fre- 
quency comb laboratory room in Diisseldorf. Both laser 
beams were sent via fibers to the frequency comb, the 
fiber noises were actively canceled. 

The optical frequency synthesizer is a commercial 
Ti:Sa-based frequency comb (Menlo Systems), modified 
in-house for higher long-term stability and expanded 
emission range. The 698 nm and 1156 nm laser beams 
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Fig. 3 Virtual beat at 259 THz (1156 nm) monitored with 
a spectrum analyzer. The inset shows 2.5 seconds of the digi- 
tized virtual beat signal mixed down to a few Hertz. The two 
measurements were taken at slightly different times. 
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Fig. 4 Fractional Allan deviation of the virtual beat be- 
tween the two clock lasers during a quiet period. For times 
shorter than one second the values where derived using the 
Hilbert transform of the mixed down beat signal (see also 
text). For longer times we used a frequency counter. Linear 
and quadratic cavity drifts were removed in both cases. The 
straight line corresponds to the stability of a virtual beat at 
1156 nm with white frequency noise and 1 Hz width. 

(frequencies vqqs, ^1156) ar e individually superposed with 
the comb via two beat lines. In this beat lines the laser 
beams are coupled out of their fibers and superposed 
with the corresponding modes from the comb. Appropri- 
ate band-pass filters block the unnecessary comb modes 
before the overlap. The generated beat notes are de- 
tected by two photodetectors. The beat notes with fre- 
quencies Z\698) ^1156 between each laser wave and the 
nearest comb mode were filtered and amplified with two 
tracking oscillators. The frequency comb's repetition rate 
and carrier envelope frequency /ceo were locked to a 
GPS disciplined hydrogen maser. Counting Z\n56 and 
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Z\698 enabled absolute frequency measurement of the two 
clock lasers to be performed simultaneously. 

The virtual beat technique [13] consists in generating 
by electronic means an r.f. signal oscillating at the fre- 
quency A vb = (/ceo + Ansa) -(mi/m 2 )(/cEO + A>9s), 
that shows the properties of a beat note between two 
lasers at 1156 nm, since A vb = vnse — (jn\lra-i)v^. 
Here vn\ (rn-i) is the mode number of the nearest comb 
line to the 1156 nm (698 nm) clock laser radiation. This 
beat note is sent to a spectrum analyzer, counted with a 
dead-time- free counter and, after mixing it down to a few 
Hertz, sampled by an analog-digital converter. A record 
of the spectrum analyzer is shown in Fig. 3 together with 
a short sample of the digitalized beat (inset). 

The fractional Allan deviation shown in Fig. 4 was 
calculated using two different methods. For time val- 
ues larger than 1 s we used the counter signal, while the 
shorter values were derived from the signal of the analog- 
digital converter. For this purpose we used a Hilbert 
transform to add an imaginary part to the real signal 
to obtain an analytic signal [14]. From this signal the 
phase and the instantaneous frequency were extracted. 
After removing linear and quadratic drifts the Allan de- 
viation for time intervals as short as 0.5 ms was calcu- 
lated. For short times the trend is consistent with the 
linewidth observed in Fig. 3. From 1 s to 10 s a noise 
floor of 2 x 10~ 15 is reached. Beyond 10 s, the residual 
differential cavity drift dominates the stability. We con- 
clude from Allan deviation and virtual beat spectrum 
that both lasers have a linewidth close to 1 Hz. 

We have monitored the resonance frequency of the 
transportable cavity over more than 200 days including 
the time in Diisscldorf. A shift of about 2 MHz mea- 
sured after arrival in Diisseldorf (hatched area in Fig. 5) 
was probably due to a change in the cavity tempera- 
ture. During the transport the temperature of the alu- 
minum tube enclosing the vacuum system remained un- 
changed as monitored by the error signal of the tem- 
perature control. However at Diisscldorf the laboratory 
temperature was above the set point of the tempera- 
ture control that allowed heating only. This caused an 
increase in the temperature by about 0.4 K before the 
problem was discovered and the room temperature was 
lowered again. The very large drift rate of 5.3 Hz/s ob- 
served during the first day of measurement could be ex- 
plained by the cavity cooling down to its set temperature 
at a rate of —2 mK/h. Back in Braunschweig, the original 
resonance frequency of the cavity was nearly recovered. 
We observed a reduced drift rate and a small remain- 
ing frequency offset, which we attribute to relaxation 
of stress in the cavity mounting during the transport. 
Apart from the changed drift rate we did not observe 
any degradation of the system's performance. Before and 
after the transport the laser was regularly used to record 
spectra of the 87 Sr 1 So - 3 Po transition with a Fourier- 
limited linewidth of 9 Hz and close to 90% excitation 
probability [15]. 
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Fig. 5 Frequency of one cavity mode plotted over 8 months. 
The hatched area shows the measurements during the one 
week stay in Diisseldorf. 



In summary, we have demonstrated, for the first time, 
that a high-performance clock laser can be transported 
without difficulty and set up in a short time for en- 
abling precision metrology applications. In the near fu- 
ture, the transportable clock laser could be combined 
with a transportable fiber-based frequency comb for even 
higher flexibility. 
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